Introduction
General anesthetics have a narrow safety margin. However, the mechanisms and neural sites of anesthetic action remain unclear, and volatile agents alter multiple membrane channels [1] . Immobility, a desired anesthetic endpoint and gauge of potency, is determined by the minimum alveolar concentration (MAC) that abolishes movement evoked by supramaximal noxious stimuli [2] (e.g., tail clamp or surgical incision). Such movements are typically locomotor in nature [3] . The spinal cord is the primary site of anesthetic immobilizing action [4] , which occurs predominantly in the ventral horn [5, 6] . The ventral horn contains motoneurons, as well as excitatory and inhibitory interneurons that form locomotor networks termed the central pattern generator (CPG). The CPG can establish and coordinate rhythmic locomotor activity without descending or sensory input [7] .
Some evidence suggests anesthetics affect the CPG [6, 8] and motoneurons [9] , but the extent that each effect contributes to immobility is unclear. Accessible yet clinically-relevant models are necessary to study anesthetic effects on components of sensorimotor processing. The neonatal rodent isolated spinal cord is used to study mammalian locomotion [10] . Neuropharmacological agonists applied to the spinal cord activate the CPG and elicit prolonged stable 'fictive' locomotion [7] . Locomotor activity consists of coordinated rhythmic bursting among ventral root motor axons, and some classes of putative CPG neurons have been studied [11] . Moreover pharmacologically-induced locomotion preferentially activates ventral horn neurons [7] . Therefore the isolated spinal cord may represent a tractable model in which to conduct anesthetic studies restricted to most relevant neural sites.
We studied anesthetic effects on pharmacological and sensory-evoked locomotion in neonatal rat isolated spinal cords. We hypothesized that clinical concentrations of anesthetics block locomotion in both cases, that propofol immobilizes fictive locomotion through a g-aminobutyric acid type A (GABA A ) receptor mechanism (as occurs in vivo [4] ), and that anesthetic effects on locomotion are consistent with CPG disruption.
Methods
This study was approved by the UC Davis IACUC.
Dissection and recording
Neonatal Wistar rats (0-4 days old) were deeply anesthetized by isoflurane or hypothermia. Anesthetized rats were decapitated, eviscerated and placed in cold low Ca 2 + , high Mg 2 + oxygenated Ringer's [12] . The animal was pinned ventral side up, and the spinal cord isolated from mid-thoracic to sacral levels. The spinal cord recovered at room temperature for 1 h in normal Ringer's (in mM: 118 NaCl, 4.0 KCl, 25 NaHCO 3 , 1.2 KH 2 PO 4 , 1.25 MgSO 4 , 2.5 CaCl 2 , and 20 glucose). Glass pipette suction electrodes were attached to lumbar ventral roots to record motor activity. Activity was amplified and acquired on a computer at 3 kHz using a Power 1401 and Spike2 software (CED, Cambridge, UK). Locomotor activity was induced with bath-applied NMDA (4.5-8 mM) and 5-HT (7-21 mM), purchased from Sigma (St. Louis, Missouri, USA). Concentrations were adjusted and permitted to equilibrate for at least 20 min until we Coherence is the similarity between the cross-spectral and within-channel spectral content of two channels and measures coordination (phase-locking). Details can be found in our earlier study 8 using coherence to study anesthetic effects.
measured left-right coordination in L2 under isoflurane, which was unchanged up to 0.8 MAC (mean data not shown, but see example in Fig. 2a ).
Discussion
The results confirm studies suggesting anesthetics immobilize through effects in the spinal ventral horn, General anesthetic effects on fictive locomotion. Examples from three individual animals showing effects of isoflurane (a), desflurane (b), and propofol (c). Thirty-seconds of ventral root activity is shown (bottom two traces) with rectified, integrated activity of corresponding ventral roots (top two traces). Isoflurane and desflurane abolished fictive locomotion at clinical concentrations, which recovered after washout. Propofol abolished fictive locomotion at low micromolar concentrations. which was reversed by picrotoxin, although cycle period remained greater than baseline. Isoflurane effects on noxious tail stimulus-evoked ventral root activity using a hindquarter-attached preparation (diagram on left). Ventral root activity (bottom two traces) is rectified and integrated (top two traces). Noxious mechanical tail stimulation elicited rhythmic L2-L5 ventral root bursting, which was abolished by isoflurane concentrations similar to those that abolished NMDA/5-HT-elicted locomotion. The response recovered after isoflurane washout.
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and further suggest this mode of action is conserved across postnatal development. Results are discussed in relation to the sites/mechanisms of anesthetic-induced immobility and spinal locomotor circuits, with reference to clinical relevance.
Correcting for temperature [14] , isoflurane and desflurane MIC values for fictive locomotion are in excellent accord with in-vivo MAC determined by noxious stimulation in neonates, which have approximately 60% greater MAC compared with adults [15, 16] . Furthermore, isoflurane MIC for NMDA/5-HT-induced locomotion was nearly identical to MIC for noxious stimulus-evoked locomotion (a scenario similar to MAC determination). Propofol abolished fictive locomotion at low micromolar concentration (6.7 mM), but somewhat higher than expected, likely due to propofol's hours long equilibration [17] , which we could not afford. However, picrotoxin restored coordinated fictive locomotion under immobilizing concentrations of propofol (Fig. 2) . Propofol acts through a GABA A mechanism on ventral horn activity in cultured spinal slices [18] , and in vivo using MAC determination [4] . Because pharmacologically-induced locomotion selectively activates ventral, but not dorsal horn neurons [7, 19] , the results suggest anesthetics act on ventral horn neurons to abolish fictive locomotion.
Anesthetics modulated the locomotor rhythm, becoming slower, reduced in amplitude, and less regular (Table 1) . Although amplitude decreases alone could imply motoneuron effects, decreased burst rate, and rhythm regularity suggest CPG disruption. Future studies could delineate CPG versus motoneuron contributions to anesthetic-induced immobility by exploiting the greater rhythm-generating capacity in the rostral lumbar segments [12, 20] .
Interestingly, phase relationships were largely unaffected, although modest decreases in coherence at higher anesthetic concentrations suggest less stable phase-locking. In mammals, the CPG is proposed to consist of at least two tiers -a rhythm generator, and a pattern formation circuit [10] . Our present results suggest anesthetics act within the CPG to impede rhythm generating interneurons [21] , whereas flexor-extensor and left-right pattern formation networks are relatively resistant to anesthetics. Glycinergic neurotransmission is a major contributor to synaptic inhibition impinging on motoneurons during locomotion [22] , and believed to play a critical role in left-right and flexor-extensor coordination [23] . Therefore it is possible that volatile anesthetics suppress excitation with little effect on overall glycinergic inhibition. In support, presynaptic and postsynaptic volatile anesthetic effects on rat motoneurons led to decreased glutamatergic neurotransmission with less effect on glycinergic inhibition [9, 24] . Thus such effects could explain the lack of phase-lag changes presently observed, as well as the limited role of glycine receptors in volatile anesthetic-induced immobility [25] .
In conclusion, the present results suggest that studying anesthetic effects on fictive locomotion in isolated spinal cords is clinically relevant. A predominant ventral horn anesthetic immobilizing action appears conserved throughout development, as well as propofol's GABAergic mechanism. However, anesthetic mechanisms in neonates could differ in other respects from adults, as MAC exhibits developmental changes. Suppression of rhythm generation might contribute to general anesthetic immobilizing capacity. Future anesthetic studies in identified classes of spinal neurons are needed to elucidate mechanisms underlying immobility.
Conclusion
General anesthetic effects on pharmacologically-induced fictive locomotion in the isolated neonatal rat spinal cord appear clinically-relevant. These effects are consistent with a ventral horn site of immobilizing action that is at least partly mediated through disruption of the locomotor CPG.
